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The spectacular escalation in complexity in early bilaterian evolution correlates with a strong increase in the number of microRNAs 1, 2 . To explore the link between the birth of ancient microRNAs and body plan evolution, we set out to determine the ancient sites of activity of conserved bilaterian microRNA families in a comparative approach. We reason that any specific localization shared between protostomes and deuterostomes (the two major superphyla of bilaterian animals) should probably reflect an ancient specificity of that microRNA in their last common ancestor. Here, we investigate the expression of conserved bilaterian microRNAs in Platynereis dumerilii, a protostome retaining ancestral bilaterian features 3, 4 , in Capitella, another marine annelid, in the sea urchin Strongylocentrotus, a deuterostome, and in sea anemone Nematostella, representing an outgroup to the bilaterians. Our comparative data indicate that the oldest known animal microRNA, miR-100, and the related miR-125 and let-7 were initially active in neurosecretory cells located around the mouth. Other sets of ancient microRNAs were first present in locomotor ciliated cells, specific brain centres, or, more broadly, one of four major organ systems: central nervous system, sensory tissue, musculature and gut. These findings reveal that microRNA evolution and the establishment of tissue identities were closely coupled in bilaterian evolution. Also, they outline a minimum set of cell types and tissues that existed in the protostome-deuterostome ancestor.
Deep sequencing of Platynereis small RNAs identified 34 microRNA families common to protostomes and deuterostomes ( Supplementary  Fig. 1, Supplementary Table 1 ), in accordance with recent studies 2 . To investigate the temporal and spatial localization profile of these conserved bilaterian microRNAs, whole mount in situ hybridization (WMISH) was conducted using locked nucleic acids as probes. In all cases, localization of mature Platynereis microRNAs was spatially restricted and almost exclusively occurred in actively differentiating tissues ( Supplementary Fig. 2 ). We also analysed tissue-specific expression of predicted targets ( Supplementary Fig. 3 a, b and Supplementary Table 2 ) and identified a subset of tissues in which microRNAs were less frequently co-expressed with their predicted targets than expected to occur by chance, whereas other tissues showed the opposite trend (Supplementary Table 3 a, b and Supplementary Data), indicating different modes of involvement of the conserved bilaterian microRNAs in regulating the establishment and/or maintenance of tissue identity 5 . We found the oldest conserved microRNA, miR-100, shared by cnidarians and bilaterians 1, 2 , highly specifically localized in two small groups of cells of the larval foregut (Fig. 1a, e) . These cells also expressed let-7 (Fig. 1b, f) and miR-125 (Fig. 1c) , which play a conserved role in developmental timing [6] [7] [8] , and miR-375 (Fig. 1d) , demarcating foregutrelated, neurosecretory/endocrine cell populations of vertebrate pituitary and pancreas 9 . Marker gene analysis revealed that these cells are differentiated secretory neurons ( Supplementary Fig. 4c ). As in fly 7, 8 , Platynereis miR-100 and let-7 are processed from a single polycistronic transcript (Supplementary Table 4 ) that in many bilaterians also includes miR-125 (refs 7,8) . Since miR-100, miR-125 and let-7 are expressed much more broadly in fly 8 and vertebrate 10 (Supplementary Table 5 ), we challenged evolutionary conservation of the highly specific Platynereis pattern by investigating the expression of miR-100 in a cnidarian, the sea anemone Nematostella. miR-100 was exclusively detected in single cells located around the pharynx anlage ( Fig. 1g and Supplementary Fig. 5a , b), demarcated by brachyury 11 and foxa expression (blue, red and yellow in Fig. 1h ). Intriguingly, miR-100, brachyury 12 and foxa2 also colocalize in the Platynereis foregut ( Fig. 1i ; blue, red and yellow in Fig. 1j ). These findings indicate that early in animal evolution miR-100 was active in a small population of cells located around a digestive opening. This expression was inherited by let-7 and by miR-125 once they evolved in the bilaterian stem line, to expand into other tissues only later in evolution. Corroborating this, expression of miR-100, miR-125 and let-7 was similarly restricted to foregut tissue in Capitella (Fig. 1k , data not shown) and in the sea urchin Strongylocentrotus (Fig. 1l and Supplementary Fig. 5c, e) .
Locomotor ciliary bands are characteristic for the swimming larvae of marine protostomes and deuterostomes 13 . In Platynereis, miR-29, miR-34 and miR-92 demarcated the ciliary bands from early larval stages onwards (Fig. 2a-f ) and were also detected in motile ciliated cells of the apical organ and later in the medial head region (Fig. 2a-e) . While expression was similar for all 'ciliary' microRNAs at early larval stages, partly complementary patterns were observed in the developing young worm (arrowheads in Fig. 2d, e) . Capitella showed a similar localization of these microRNAs to ciliary bands ( Fig. 2h and Supplementary Fig. 6a, b) . We also investigated the sea urchin pluteus larva and indeed found miR-92 expressed in the ciliary bands (Fig. 2i) and miR-92 and miR-34 in motile ciliated cells lining the foregut and stomach ( Supplementary Fig. 5g, h ). The similar specific affiliation of these microRNAs to motile ciliated cells in both protostome and deuterostome larvae is best explained by evolutionary conservation.
Two sets of conserved bilaterian microRNAs showed localized expression in distinct parts of the brain. For miR-7 (ref. 4) , miR-137 and miR-153 we observed very similar expression in the dorso-medial neurosecretory tissue of the Platynereis brain ( Fig. 3a-d ) comprising differentiated vasotocinergic and FMRFamidergic 4 as well as serotonergic neurons (Fig. 3e) . The same microRNAs showed brainrestricted expression in Capitella ( Supplementary Fig. 6c -e) and have also been reported to show spatially localized expression in the zebrafish brain, including neurosecretory brain parts of the hypothalamus 14 (Supplementary Table 5 ). Our comparative data thus indicate that these three microRNAs co-evolved in neurosecretory brain tissue. A conserved pair of complementary microRNAs, miR-9 and miR-9*/ miR-131 (ref. 15 ) also showed highly restricted expression in the annelid brain, in two ventro-lateral sets of differentiated neurons (Fig. 3f-h and Supplementary Fig. 6f ). In mouse, miR-9 and miR-9*/ miR-131 are detected broadly in neuronal precursors but among all differentiated neurons are expressed only in the telencephalon 15 , comprising olfactory brain centres. In Platynereis, the most apical cells expressing mature miR-9 and miR-9* were located at the base of the antennae, a pair of head appendages considered to be chemosensory sense organs (Fig. 3h) . This indicates that miR-9 and miR-9* may ancestrally locate to neurons involved in olfactory/chemosensory information processing. As in vertebrates, both miR-9 and miR-9* are detected in relatively high abundance in Platynereis and thus represent a pair of complementary microRNAs conserved in bilaterians 2 .
Other conserved bilaterian microRNAs were expressed more broadly in one of four major organ systems, representing the central nervous system, peripheral sensory tissue, musculature or gut. For each of these groups, expression of individual microRNAs was largely overlapping, but at the same time complementary to those of other groups. miR-124 ( Fig. 4a, d ), known to maintain neuronal identity in the vertebrates 14, 16 and expressed in developing central nervous system (CNS) in fly 17 and planarian 18 , was found in differentiating neurons in the brain and ventral nerve cord in Platynereis. miR-71, lost in vertebrates and insects 2 and restricted to CNS and parenchyma in planarians 18 , is also nervous system-specific in Platynereis (Fig. 4b, c and Supplementary Fig. 6h ). miR-8 proved to be an excellent marker for differentiating sensory organs, including eyes, antennae, palpae and sensory organs of the parapodia 19 , covering both neural and nonneural tissue ( Fig. 4e and Supplementary Fig. 6j) . A sensory tissue affiliation is likely to be evolutionarily ancient for this microRNA since the related miR-200a, miR-200b and miR-141 likewise show restricted expression in sensory organs such as nose and lateral line in the vertebrates 10 (Supplementary Table 5 ). miR-183 and miR-263, clustered in the Lottia genome and processed from the same transcript in Platynereis (Supplementary Table 4 ), also showed a conserved affiliation with sensory organ differentiation (Fig. 4f, g and Supplementary  Fig. 6i ), as previously reported for other bilaterians 14, 17 . Notably, the expression of the sensory tissue-specific miR-183 and of the CNSspecific miR-124 was mutually exclusive (compare Fig. 4d, h ). In fly and vertebrate, miR-1 is active during muscular differentiation 10, 17 . In Platynereis, miR-1 and miR-133, clustered in vertebrates and in molluscs (Supplementary Table 4) , showed almost identical expression in the differentiating musculature (Fig. 4i, k, l) . In vertebrates, these microRNAs are robustly induced upon myotube differentiation concomitant with reduced expression of their target messengers 16, 20, 21 . Similar musculature-specific expression was observed for miR-22 (Fig. 4j) that together with miR-1 and miR-133 has been reported to have myoD and myogenin upstream binding sites in the vertebrates 20 . Finally, miR-12, miR-216 and miR-283 showed identical expression in the differentiating midgut at 5 days post fertilization (d.p.f.) (Fig. 4m-p Table 4 ), indicating that these three microRNAs evolved from the same precursor gene. In the vertebrates, expression of miR-216 is characteristic of pancreatic tissue 23 and targets of miR-216 are expressed at lower levels in pancreatic than in other tissue 21 , indicating that the ancient site of activity of the miR-12/-216/-283 precursor had indeed been the gut.
Our results indicate that the conserved bilaterian microRNAs evolved in a strictly tissue-specific context. Corroborating this, brainor musculature-specific microRNAs that we found in Platynereis show similar specificity in fish, human and mouse expression profiling, with high confidence (Supplementary Table 5 ). Although we cannot exclude that other expression sites initially existed for some of these microRNAs, these would have been lost in subsequent evolution in multiple lineages. At the present state of analysis, we can only speculate about the tissue-specific ancient roles of these microRNAs, by extrapolating from observations in other animal models. For example, miR-100 and the related miR-125 and let-7 may have acquired an ancient role in developmental timing: The very late onset of let-7 expression at 5 d.p.f. in Platynereis (before settlement) is consistent with earlier observations in nematode 6 , fly 7, 8 , mollusc 24 , zebrafish 24 and in another annelid 24 , indicative of a role in the control of late developmental transitions [6] [7] [8] 24 . With time, such role may then have spread to other tissues, such as target tissue differentiating in the course of metamorphosis, as observed in fly 7, 8 and nematode 6, 24 . Similarly, the affinity of miR-29, miR-34 and miR-92 to motile ciliated cells sheds new light on the evolution of ventricular neuron types expressing these microRNAs in the vertebrate CNS 14 (Supplementary Table 5 ), some of which are known to bear motile cilia 25 . A comparison of targets in slow-evolving species should reveal the functional evolution of the conserved bilaterian microRNAs and also allow understanding why in many cases these microRNAs were coopted by new tissues that did not express them before.
The identification of ancient expression sites for conserved bilaterian microRNAs implies that these microRNA-defined tissues existed in the protostome-deuterostome ancestor (Supplementary Fig. 1 ). Our data indicate that it possessed a miR-1241 central nervous tissue as opposed to miR-8/-183/-2631 peripheral sensory nervous tissue 19 , consistent with the notion that nervous system centralization predated the protostome/deuterostome ancestor 19 . The ancient brain comprised miR-71, miR-1371 and miR-1531 neurosecretory parts, as recently suggested 4 and miR-9/9*1 parts that may relate to sensory information processing. Our data also indicate the existence of miR-1/-22/ -1331 body musculature, in line with the proposed conservation of somatic muscle cell types 19 , and of a miR-12/-216/-2831 gut. Finally, the protostome/deuterostome ancestors possessed miR-100/-125/ let-7/1 neurosecretory cells along the mouth and miR-29, miR-34, miR-921 motile ciliated cells, possibly forming part of otx1 larval ciliary bands 12, 26 . We have thus established microRNAs as an important new tool for reconstructing ancient animal body plans at important evolutionary nodes, focusing here on the protostome-deuterostome divergence. More complete inventories of microRNAs-yielding a refined picture of gains (and losses) of microRNAs in the diverging lineages-and concomitant expression analysis will allow expanding this approach to other key events of animal evolution.
METHODS SUMMARY
Platynereis and Capitella whole mount in situ hybridization with locked nucleic acids probes. Whole mount in situ hybridizations (WMISH) were performed by modifying fish and Platynereis established protocols 10, 27 . Use of a more stringent hybridization mix with 70% formamide allowed lowering the hybridization temperature down to 37 uC to successfully visualize the expression of any microRNA tested (regardless of the locked nucleic acids' T m ). The same in situ protocol was used for the hybridization of long DIG-11-UTP-labelled RNA probes. Nematostella and sea urchin whole mount in situ hybridization with locked nucleic acids probes. Fixations and hybridizations of Nematostella carried out as described in ref. 28 and for sea urchin larvae done as described in ref. 29 with the following adaptations: content of formamide in hybridization mix increased to 70% instead of 50%. Pre-hybridization and hybridization carried out at 37 uC instead of 60 uC. Microscopy. Nitroblue tetrazolium chloride (NBT)/5-Bromo-4-chloro-3-indolyl-phosphate (BCIP) stained embryos were imaged using a Leica TCS SPE confocal microscope through reflection imaging as described in ref. 27 . White light pictures were taken under Nomarski optics using a Zeiss Axiophot microscope. microRNA cloning and sequencing. Small RNA cloning was performed as described in ref. 30 . Small RNA libraries were sequenced using the Illumina platform. We only analysed sequence reads with quality score higher than 35 in Solexa/Illumina files. Reads were clustered according to sequence similarity and of these, dominant reads were analysed by BLAST search against miRBase v10.0. Comparison required $80% identity of the query with the target and $7 out of 8 nucleotides in the 59end and yielded a list of conserved microRNAs (Supplementary Table 1 ).
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
METHODS
Platynereis and Capitella whole-mount in situ hybridization with LNA probes. Custom miRCURY LNA 31 (locked nucleic acid) Detection Probes (Exiqon) for Platynereis were labelled with digoxigenin (DIG) 39-end labeling kit 2nd generation (Roche) and then purified with Sephadex G25 Micro Spin columns (GE Healthcare) as described in ref. 32 .
Platynereis and Capitella embryos were fixed at room temperature in 4% paraformaldehyde in 23 PBS 1 0.1% Tween-20 for 2 h and stored in methanol at 220 uC. In situ hybridizations were performed by fusing and modifying fish and Platynereis whole mount in situ (WMISH) protocols 27, 32 as follows: Stepwise 5 min rehydration of fixed embryos in PBS 1 0.1% Tween (PTW) to dilute methanol from 100%, 75%, 50%, 25% to 0%.
Digestion times of embryos in 10 mg ml 21 proteinase K PTW: Capitella larvae (stage 3-7), 5 min; Platynereis embryos 24 h.p.f., 7 min; 48 h.p.f., 30 min; 72 h.p.f., 60 min; 5 d.p.f., 75 min. Two 5 min washes in 2 mg ml 21 glycine PTW followed by 20 min post-fixation in 4% paraformaldehyde PTW. Five 5 min washes in PTW. Pre-hybridization in high stringency hybridization mix (HM) for 1 h at 37 uC (70% formamide, 53 SSC, 50 mg ml 21 heparin, 5 mg ml 21 tRNA, 0.1% Tween 20) followed by overnight hybridization at 37 uC in 200 ml of high stringency HM 1 4 pmol labelled LNA probe. Post-hybridization washes were done in standard HM (50% formamide, 53 SSC, 50 mg ml 21 heparin, 5 mg ml 21 tRNA, 0.1% Tween 20) at 37 uC stepwise: 15 min 75% HM/25% 23 SSC, 15 min 50% HM/23 SSC, 15 min 25% HM/23 SSC followed by two 15 min 23 SSC and two 30 min 0.23 SSC washes. Then at room temperature: 10 min 75% 0.23 SSC/25% PTW, 10 min 50% 0.23 SSC/ 50% PTW, 10 min 25% 0.23 SSC/25% PTW, 10 min PTW and blocking for 90 min in 2% sheep serum in PTW. Alkaline phosphatase-coupled anti-DIGFab9 fragments (Roche) were diluted 1:2,000, mouse anti-acetylated tubulin (Sigma) 1:500 and rabbit anti-serotonin (5HT) 1:250 (ImmunoStar) in PTW for overnight incubation at 4 uC. Embryos were washed six times 15 min in PTW, twice in staining buffer (100 mM Tris, pH 9.5, 100 mM NaCl, 50 mM MgCl 2 , 0.1% Tween-20), and stained with 337.5 mg ml 21 nitroblue tetrazolium (NBT) and 175 mg ml 21 5-bromo-4-chloro-3-indolyl phosphate (BCIP) in staining buffer for several hours. After staining, embryos were rinsed in 100% ethanol for 15 min, washed in PTW and immunostaining proceeded as in ref. 27 to be finally mounted in glycerol containing 2.5 mg ml 21 1,4-diazabicyclo[2.2.2]octane (DABCO). The same in situ protocol was used for the hybridization of long DIG-11-UTP-labelled RNA probes. Nematostella and sea urchin whole mount in situ hybridization with LNA probes. Fixations and hybridizations of Nematostella were carried out as described in ref. 28 and for sea urchin larvae as described in ref. 29 with the following adaptations: content of formamide in hybridization mix increased to 70% instead of 50%, and pre-hybridization and hybridization carried out at 37 uC instead of 60 uC. Microscopy. NBT/BCIP stained embryos were imaged using a Leica TCS SPE confocal microscope through reflection imaging as described previously 27 . A 340 oil-immersion objective was used. White light pictures were taken under Nomarski optics using a Zeiss Axiophot microscope equipped with a Leica DC500 camera. Image processing. Most confocal stacks images were acquired with voxel size 0.537 3 0.537 3 1 microns, 8-bit image depth and were processed using ImageJ 1.40g. All confocal images displayed are products of z-projections of stacks. Image reconstructions and sections were generated using Imaris 6.2.1. Contrast was adjusted uniformly across the entire image. Northern blot analysis. Total RNA was isolated from Platynereis embryos at 6 h.p.f., 12 h.p.f., 18 h.p.f., 24 h.p.f., 48 h.p.f. and 5 d.p.f. using peqGOLD TriFast reagent (peqlab Biotechnologie). Total RNA (15 mg) was separated on 15% denaturing polyacrylamide gel and blotted via chemical cross-linking as in ref. 33. For detection, oligonucleotide probes were designed for each miRNA and end-labelled with [ 32 P]-ATP using T4 polynucleotide kinase (NEB). miRNA cloning and sequencing. Small RNA cloning was performed separately for three different developmental stages of Platynereis: 20 min post fertilization, swimming larvae and young worms. For each stage four batches were pooled. RNA extraction and cloning of the small RNA fraction (19-24 nucleotides) was performed as described in ref. 30 . The resulting small RNA libraries were sequenced using the Illumina platform. Sequence processing and analysis. For each of the three libraries, raw Illumina reads were processed as follows: first, adaptor sequences (59-CTGTAGGCAC CATCAAT-39) were clipped off by searching for the motif CTGTAGGC (allowing one degenerate position). Subsequently, sequences were selected for length (16 # x # 29) and quality (base scores $ 35 out of a maximum of 40). Sequences of the individual libraries were then pooled into one non-redundant data set. Finally, around 4% of these sequences were excluded, as database searches revealed significant similarity to known mitochondrial or ribosomal sequences.
The resulting non-redundant sequence data set comprised 111,575 sequences, representing 1,259,482 individual sequence reads. Known miRNA sequences were identified from this set by sequence searches with sequences retrieved from the miRBase repository v10.1 from ref. 34) . Comparisons required 80% overall identity of the query with the target and 7 out of 8 nucleotides in the 59end. The Platynereis correlates of conserved animal miRNAs are listed in Supplementary Table 1 . Sequence variants. We note that 3,735 sequences of our data set represent ,89% (1, 114, 984 ) of all the reads, whereas the remaining reads occur less than ten times. We assume that this general disproportion in distribution reflects a combination of (1) methodological artefacts, (2) original heterogeneity of alleles present in the batches pooled for the sampling, and (3) differences in miRNA processing, as previously observed in large miRNA data sets generated by massive parallel sequencing 35, 36 . As we lack information about the complete Platynereis genome, we can presently not reliably distinguish between these possibilities. However, we note that in several cases, sequence variants account for significant fractions of a given miRNA family. This is illustrated for the case of miR-9 ( Supplementary Fig. 8 ). 71% of the respective RNAs represent the canonical sequence, whereas the remainder includes length variants and point mutations, including a 59 variant that would be predicted to shift the seed region involved in target recognition. For miR-22/-745, we find a similar case of seed shifting (Supplementary Fig. 8 ). In this case, a recent study 2 indeed supports the notion that the respective sub-classes of miRNAs reflect genetic divergence of the family. Primer sequences for miRNA cluster cloning. Gene specific cDNA libraries were prepared using the 39-most miRNA sequence of mir-100-let-7 cluster, mir-12-mir-216 cluster and mir-183-mir-263 cluster.
Pdu-mir-100-let-7 cluster (FJ838789) resulted from a PCR reaction using the forward primer AACCCGTACAACCGAACTTGTG and the reverse primer ACTATACAACCTACTACCTCA.
Pdu-mir-12-mir-216 cluster (FJ838790) resulted from a PCR reaction using the forward primer UGAGTATTACATCAGGTACTGA and the reverse primer CTCACTTTTGCCAGCTGAGATTA.
Pdu-mir-183-mir-263 (GU224283) cluster resulted from a PCR reaction using the forward primer AATGGCACTGGTAGAATTCACGG and the reverse primer CTTGGCACTGGTAGAATTCACTGA.
The RNAfold program 37 was used to find the hairpin structure within the cluster. miRNA target prediction analysis. Several (92) 39-UTRs were surveyed for octamer, heptamer-A1 and heptamer-m8 binding sites using TargetScan 38 and for octamer, heptamer and hexamer perfect seed binding sites using PITA 39 with default settings. TargetScan yielded 433 and PITA 741 binding sites. The intersection between the two data sets contains 293 binding sites. A sliding window of either 1or 2 nucleotides was allowed in order to capture binding sites that were predicted as a hexamer in PITA but as heptamer or octamerin TargetScan. Calculation of significance for co-expression of miRNAs and target transcripts. For tissues, the co-expression ratio is defined as the number of miRNA::target pairs that show overlap in the given tissue divided by the total number of miRNA::target pairs. Iterative randomization was done by reshuffling the predicted targets of miRNAs. Bootstrap for depletions and enrichment shows total count of iterations when the observed coexpression ratio for a particular tissue was below or above the randomly obtained value, respectively. 39-UTR retrieval. The majority of the EST sequences used to find 39 UTRs were 39 Sanger reads of a full-length cDNA library. We used BLAST to search the sequences against swissprot protein database to identify the correct open reading frame, and thus the 39 UTR. In few cases where there was no significant BLAST hit, we assumed it to be mostly composed of UTR, as they contained frequent stop codons in all the reading frames. Single nucleotide polymorphism (SNP) assessment in the 39UTRs. Total RNA extracted from heads of adult animals and different developmental stages was sequenced with the Solexa platform at EMBL yielding 15 million 76 bp reads, 21,000 of which could be mapped to 39 UTRs by BLASTN. Reads were truncated to the first 40 bp in order to reduce sequencing errors. Every position in the 39 UTR was analysed for the presence of a mismatch and a SNP was called when less than 90% of nucleotides assigned to the position showed conservation. Whereas on average we observed SNP rate of 1/45 bp in the non-coding regions, the predicted miRNA binding sites showed a rate of 1/60 bp. Still, the overall SNP frequency was too low in order to distinguish between conserved and non-conserved miRNA binding sites for the entire set of predicted targets. 
